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Abstract
Innexins are the proposed structural components of gap junctions in invertebrates. Antibodies that specifically recognize the Caeno-
rhabditis elegans innexin protein INX-3 were generated and used to examine the patterns of inx-3 gene expression and the subcellular sites
of INX-3 localization. INX-3 is first detected in two-cell embryos, concentrated at the intercellular interface, and is expressed ubiquitously
throughout the cellular proliferation phase of embryogenesis. During embryonic morphogenesis, INX-3 expression becomes more restricted.
Postembryonically, INX-3 is expressed transiently in several cell types, while expression in the posterior pharynx persists throughout
development. Through immuno-EM techniques, INX-3 was observed at gap junctions in the adult pharynx, providing supporting evidence
that innexins are components of gap junctions.
An inx-3 mutant was isolated through a combined genetic and immunocytochemical screen. Homozygous inx-3 mutants exhibit defects
during embryonic morphogenesis. At the comma stage of early morphogenesis, variable numbers of cells are lost from the anterior of
inx-3(lw68) mutants. A range of terminal defects is seen later in embryogenesis, including localized rupture of the hypodermis, failure of
the midbody to elongate properly, abnormal contacts between hypodermal cells, and failure of the pharynx to attach to the anterior of the
animal.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The innexins are a family of invertebrate proteins that are
functionally analogous to the connexin family of vertebrate
gap junction proteins. Thus, innexins, like connexins, form
gap junction channels and mediate direct intercellular trans-
fer of small molecules, such as ions, metabolites, and sec-
ond messengers among coupled cells. Innexins were origi-
nally described in Drosophila and Caenorhabditis elegans
(reviewed in Phelan and Starich, 2001); more recently,
innexins have been isolated from other insects (Ganfornina
et al., 1999; Stebbings et al., 2000) as well as from molluscs,
flatworm, and leech (Alexopoulos et al., 2000; Panchin et
al., 2000). Innexins have not been identified in any verte-
brate, although potential distantly related candidates have
been described (Panchin et al., 2000). Connexins and in-
nexins have no significant amino acid sequence similarity.
However, both protein families have the same predicted
integral membrane topologies of four transmembrane do-
mains and two extracellular loops; within each family,
amino acid sequence is conserved in similar domains, in-
cluding invariant cysteine residues in the two predicted
extracellular loops; and members of both families form
functional channels when expressed in paired Xenopus oo-
cytes (Landesman et al., 1999; Phelan et al., 1998; Starich et
al., 1996). Like connexins, innexins are a multigene family,
with 25 C. elegans and 8 Drosophila members identified by
the corresponding sequencing projects (reviewed in Phelan
and Starich, 2001). In C. elegans, only a few innexin genes
have associated mutant phenotypes: unc-7 and unc-9 mu-
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tants have very similar locomotory defects that may reflect
problems in formation or function of electrical synapses
(Barnes and Hekimi, 1997; Starich et al., 1993); and eat-5
mutants, which lose normal synchronization of pharyngeal
muscle contractions, have defects in coupling between mus-
cle groups in the pharynx (Avery, 1993; Starich et al.,
1996). In Drosophila, mutants in the innexin genes ogre,
shaking-B, zpg, and kropf have been analyzed. Severe ogre
mutants die as larvae with neurogenic defects (Lipshitz and
Kankel, 1985); however, the basis for these defects is un-
known. Two phenotypic classes of shak-B mutants have
been isolated. The lethal class dies of unknown causes at the
first instar larval stage. The neural class has defects in
electrical synaptic transmission that include loss of coupling
between neurons in the escape jump response circuit
(Phelan et al., 1996; Sun and Wyman, 1996). zpg (Dm inx4)
is required for germ cell differentiation and survival (Ta-
zuke et al., 2002), possibly through interaction between
germline and somatic cells in the gonad. The kropf gene
(Dm inx2) is required for the normal interaction of ectoder-
mal and endodermal cells in forming the connection be-
tween foregut and midgut (Bauer et al., 2002).
Gap junctions have clearly established roles in electrical
signal transmission (reviewed in Bennett, 1997). Evidence
is accumulating that gap junctions also play important roles
in embryogenesis and organogenesis (reviewed in White
and Paul, 1999). For example, in genetic studies of connexin
function, mice lacking Cx43 (Reaume et al., 1995) or Cx45
(Kumai et al., 2000) exhibit abnormal heart formation; in
Cx45 mutants, the vasculature fails to develop beyond early
stages (Kruger et al., 2000); in female mice lacking Cx37
(Simon et al., 1997), ovarian follicle development is defec-
tive. The developmental processes affected by these con-
nexin mutants are not clear; however, several proposals
have been put forward. For instance, Cx43 may be required
for normal neural crest cell migration to the heart (Huang et
al., 1998), perhaps through interaction with a -catenin (Xu
et al., 2001). Cx45 may be involved in the specification of
myoepithelial cells in the embryonic heart and in proper
development of endothelial tissue in blood vessels. Cx37
has been proposed to be necessary to transmit signaling
molecules between the developing oocyte and surrounding
follicle cells to allow maturation of the oocyte and to inhibit
premature maturation of follicle cells.
Although connexins and innexins are unrelated by se-
quence, we expect that they have similar roles in effecting
the formation and functioning of gap junctions. To under-
stand the roles that gap junctions play during embryonic
development, we are investigating the function of innexins
in the nematode C. elegans. C. elegans offers the advan-
tages of a simple animal whose normal development has
been described in detail at the resolution of single cells.
Embryonic somatic cells in C. elegans are dye-coupled to
one another in a single compartment from about the late
two-cell stage until the end of the cellular proliferation
stage, when the embryo begins to become compartmental-
ized (Bossinger and Schierenberg, 1992). We have found
that Ce-inx-31 is expressed strongly during embryogenesis.
Ce-INX-3 has been shown to mediate electrical coupling of
paired Xenopus oocytes through channels with properties
similar to those of connexins (Landesman et al., 1999).
Therefore, we chose to determine the detailed pattern of
expression of inx-3 and to investigate its function in em-
bryogenesis.
We demonstrate that INX-3 is present throughout devel-
opment in complex and often rapidly changing patterns of
expression. We document by immuno-EM that INX-3 is
localized to gap junctions, providing new evidence that
innexins are integral components of gap junctions. We have
identified an inx-3 nonsense mutation, and mutant analyses
show that inx-3 is essential for embryonic morphogenesis.
Materials and methods
Antibody production
Anti-INX-3 antibodies were generated in rabbits against
purified MBP (maltose-binding protein)::INX-3 fusion pro-
tein (Maina et al., 1988) that included the C-terminal 87
amino acids of INX-3. MBP::INX-3 was purified as de-
scribed (Riggs, 1990). Injections and antisera collection
were carried out by Quality Controlled Biochemicals, Inc.
(Hopkinton, MA).
Anti-INX-3 antibodies were affinity purified by binding
to GST (glutathione S transferase)::INX-3 fusion protein
(Smith and Johnson, 1988) that included the same C-termi-
nal 87 amino acids of INX-3. GST::INX-3 was purified and
covalently cross-linked to glutathione beads (Pharmacia)
(Bar-Peled and Raikhel, 1996). Anti-MBP::INX-3 antibod-
ies were incubated with beads in PBS plus 0.5% Tween 20
for 3–4 h at 22°C, then washed several times in the same
solution. Bound antibodies were eluted with 2 ml 0.2 M
glycine, pH 2.8, two times for 5 min. The eluate was
immediately neutralized with 1/10 vol 1 M sodium phos-
phate, pH 8.0. An equal volume of 2 blocking solution
(2 PBS, 1% Tween 20, 10% BSA, 0.04% sodium azide)
was added, and this solution was used for immunocyto-
chemistry, generally at a 1:4 dilution.
Immunocytochemistry
Embryos or adults were adhered to poly-lysine-coated
slides and permeabilized by freeze-cracking (Miller and
Shakes, 1995). Samples were fixed in methanol (20°C,
5–10 min), followed by acetone (20°C, 5–10 min). Larvae
were permeabilized and fixed as described by Finney and
Ruvkun (1990). Samples were blocked in 1 blocking
1 Comparison of amino acid sequences of Drosophila and C. elegans
innexins does not detect orthologs; therefore, innexins are named indepen-
dently in these two species. Ce-inx-3 is not orthologous to Dm-inx-3.
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solution, incubated with anti INX-3 antibody, washed with
PBS, and incubated with fluorescein-conjugated goat anti-
rabbit secondary antibody (Cappel). All incubations were
done for 2 h at 22°C. Samples were washed in PBS, stained
with 0.25 g/ml DAPI to visualize nuclei, and mounted in
Vectashield (Vector Laboratories, Inc.). Staining with anti-
GFP antibodies (Clontech), MH27, a monoclonal Ab (mAb)
that recognizes a component of apical epithelial intercellular
junctions (Francis and Waterston, 1991), and anti-myosin
heavy chain A mAb 5.6 (Miller et al., 1983), followed a
similar protocol.
Immuno-EM
For microwave fixation, animals were fixed for 10 min as
described by Link et al. (2001) and embedded into LR Gold
resin (Hall, 1995). Thin sections were exposed to small
drops of affinity-purified anti-INX-3 primary antibody, at
dilutions of 1:1 to 1:8, washed with PBS, and incubated with
a gold-linked goat anti-rabbit secondary antibody (Auro-
Probe; Amersham) diluted 1:20. Sections were then washed
with PBS, contrasted with 2% uranyl acetate, and examined
in a Philips CM10 electron microscope.
Isolation of inx-3 mutants
Mutants used in strain construction and analysis include
dpy-8(e130), unc-6(e78), lon-2(e678), (lw67), as well as the
X chromosome rearrangements stDf1 and mnDp30. inx-3
maps between dpy-8 and unc-6 on the X chromosome and
resides on cosmid F22F4. To isolate inx-3 lethal mutants,
the strain dpy-8(e130) unc-6(e78)/lw67 was constructed.
The unassigned recessive lethal mutation lw67 maps be-
tween dpy-8 and unc-6 but left of the inx-3 region (unpub-
lished observations). Live progeny from this strain are phe-
notypically wild-type or DpyUnc, except for rare
recombinants. Animals were mutagenized with EMS (Bren-
ner, 1974), and wild-type F1 progeny were plated singly. F1
hermaphrodites that produced wild-type but no DpyUnc
progeny were candidates for harboring a lethal mutation
mapping near dpy-8 and unc-6. Embryos from presumptive
dpy-8 let-? unc-6/lw67 hermaphrodites were fixed and
stained with anti-INX-3 antibody. Strains in which 5% of
embryos failed to stain were characterized further. From this
screen of 7500 F1 animals, 2 deficiencies (lwDf11 and
lwDf12) and 1 point mutation (lw68) were identified.
Molecular analysis of inx-3 mutants
All exons and exon/intron boundaries of PCR products
derived from inx-3(lw68) DNA were sequenced. A single
mutation was found, a TGG to TAG change at amino acid
214 of the predicted INX-3 peptide sequence.
The inx-3::gfp construct rescuing inx-3(lw68) is derived
from genomic sequence including the native 3 UTR and
approximately 5 kb upstream of the translational start site.
The two C-terminal amino acids (HA) of INX-3 are re-
placed with GFP.
Transformation rescue
Transgenic strains were generated, and extrachromo-
somal arrays were integrated according to Mello and Fire
(1995). Rescue of inx-3(lw68) was achieved with three
different arrays: (1) an extrachromosomal array, lwEx36,
that comprises the cosmid F22F4 [inx-3()] and RIp16
[unc-36()] (from L. Lobel) (4 ng/l and 50 ng/l injected,
respectively); (2) an integrated array, lwIs33, containing the
inx-3::gfp plasmid and RIp16 (10 ng/l and 50 ng/l in-
jected, respectively); and (3) an extrachromosomal array,
lwEx27, containing inx-3::gfp and N2 genomic DNA cut
with EcoRV (0.2 ng/l and 100 ng/l injected, respec-
tively). For (1) and (2), arrays were crossed into mutant
strains. For (3), dpy-8 inx-3/lon-2 unc-6 hermaphro-
dites were microinjected and homozygous dpy-8 inx-3
progeny were identified to establish dpy-8 inx-3(lw68);
lwEx27[inx-3::gfp] strains. From this strain, an inx-3(lw68);
lwEx27[inx-3::gfp] strain was generated.
INX-3 protein detected in two-cell embryos reflects ma-
ternal product. To eliminate both maternal and zygotic
INX-3 from embryos, we isolated germ-line mosaic animals
from inx-3(lw68); lwEx27[inx-3::gfp] strains. We screened
broods of individual animals to identify adults that had lost
the lwEx27 array in germ-line precursors and therefore
produced only dead eggs, none of which expressed
INX-3::GFP. At 20°C, germ-line mosaics arose at a fre-
quency of 0.67% (n  2640). Embryos derived from germ-
line mosaics showed the same mutant phenotypes as mutant
inx-3 embryos that developed with maternal INX-3 present.
Descriptions of mutant phenotypes are derived from exam-
ination of inx-3(lw68) embryos from inx-3() and inx-3()
maternal germ lines.
Results
Developmental pattern of inx-3 expression
To identify C. elegans innexins that may play roles in
embryogenesis, we analyzed, through blots of developmen-
tally staged RNAs, the expression patterns of eight innexins.
Of these, only inx-3 (represented by cDNA wEST01007;
Starich et al., 1996) was strongly expressed in embryos but
weakly expressed in later stages (data not shown). Exami-
nation of transgenic animals expressing a translational fu-
sion of most of the inx-3 coding region to GFP revealed
fusion proteins in puncta at plasma membranes. inx-3::gfp
was expressed almost ubiquitously during early embryogen-
esis, with expression in adults more restricted (Starich et al.,
1996). To refine and extend the expression analysis, we
generated antibodies to the predicted C-terminal 87-amino-
acid residues of INX-3 (GenBank Accession No. U59211).
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Affinity-purified anti-INX-3 antibodies were used to exam-
ine the pattern of expression and localization of INX-3
during development.
INX-3 protein is first detected at the embryonic 2-cell
stage (Fig. 1A). It is localized to small plaques at cell–cell
interfaces and can be detected throughout early embryogen-
esis in a pattern suggesting that most or all cells express
inx-3 (Fig. 1B–D). INX-3 detected during very early stages
of development is likely to be maternally derived, since
INX-3::GFP expressed zygotically is first detected by anti-
GFP antibodies at approximately the 28-cell stage (data not
shown). By the comma stage, corresponding to early em-
bryonic morphogenesis, INX-3 is still broadly expressed
(Fig. 1E), but the pattern of expression becomes more re-
stricted as morphogenesis proceeds. Because INX-3 is lo-
calized principally in puncta at plasma membranes, these
experiments do not allow us to assign expression unambig-
uously to individual cells; however, expression in major cell
types or organs is clear. Double-labeling embryos with
anti-INX-3 and MH27, a mAb that binds AJM-1 in apical
epithelial intercellular junctions (Koppen et al., 2001), in-
dicated that, at the comma stage, INX-3 is localized to the
developing intestine, pharynx, and hypodermis (epidermis),
at minimum (Fig. 2A and B). Within intestinal cells, whose
Fig. 1. INX-3 in embryos labeled with anti-INX-3 antibodies. Embryos represent stages (A) 2-cell, (B) 4-cell, (C) 8-cell, (D) approx. 400-cell, (E) comma
stage, and (F) just prior to hatching. Arrow in (A) indicates punctate labeling at the interface of AB and P1 blastomeres of the 2-cell embryo. Inset in (D)
is DAPI-stained image. Scale bars, 10 m.
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large size allows easy visualization of subcellular location,
INX-3 is localized to the basal portion of lateral membranes.
During late morphogenesis, from the 3-fold stage until
hatching, INX-3 is found principally in the posterior phar-
ynx (isthmus and terminal bulb), at the anteriormost tip of
the pharynx, in the region of the posterior intestine (prob-
ably intestinal muscles or rectal cells) and in the hypodermis
(Fig. 1F). Expression in these tissues continues throughout
development into adulthood with the exception of the hy-
podermis (Fig. 3A and D). Hypodermal expression is strong
at the time of hatching, and INX-3 is present in plaques at
the intercellular boundaries between most hypodermal cells
except at the ventral midline between paired P cells (Fig. 2C
and D); however, INX-3 becomes undetectable in the hy-
podermis shortly after hatching.
At the late first larval (L1) stage, INX-3 is present tran-
siently in some newly generated cells. The postembryonic
motor neurons, descendants of the Pn.a cells (Sulston,
1976), express INX-3 briefly (Fig. 3C and D). INX-3 is also
detected briefly in cells of the first two divisions of the M
blast cell, a progenitor of postembryonically derived body
wall muscle cells, coelomocytes, and sex muscles (Fig. 3B).
Subcellular distribution of INX-3 in both these cases is
somewhat unusual, since INX-3 is readily detectable in the
cytoplasm of these cells, as well as in cell-surface plaques.
In the late L3 stage, INX-3 expression begins in the sex
myoblasts (SMs), M-cell derivatives that divide and gener-
ate the 16 sex muscles (8 vulval, 8 uterine). Expression
continues in SM descendants so that all 16 sex muscles stain
with anti-INX-3 in early L4 animals (data not shown),
confirming results obtained with an inx-3::gfp translational
fusion gene (Starich et al., 1996). In adults, INX-3 is re-
duced such that only a few plaques are associated with
vulval muscles.
Fig. 2. Location of INX-3 during morphogenetic stages. Double-labeling of comma-stage embryo (A,B) and newly hatched L1 larva (C,D) with MH27, which
labels apical junctions between epithelial cells (A, C) and anti-INX-3 (B, D). In comma-stage embryos, INX-3 localizes to some degree to hypodermal cell
interfaces (e.g., co-stain in A and B). The striped pattern of INX-3 (arrowheads in B) is between intestinal cells. In early L1 animals, INX-3 accumulates at all
hypodermal cell boundaries except along the ventral midline between the paired P1–P12 cells (arrow in C indicates P9/P10 interface). Scale bars, 10 m.
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INX-3 is localized to gap junctions
The INX-3 protein mediates intercellular channel forma-
tion when expressed in paired Xenopus oocytes (Landesman
et al., 1999). INX-3, as visualized by light microscopy, is
concentrated into plaque-like structures at intercellular
boundaries, as expected for gap junctions. To test further the
hypothesis that innexins are gap junction channel proteins,
we examined the location of INX-3 through immuno-EM.
In C. elegans, large gap junctions between muscle cells
and marginal cells in the pharynx can be identified by EM
(Fig. 4A). Because of the large size of these junctions, and
because INX-3 is strongly expressed in the pharynx at all
stages, we examined INX-3 in the pharynx. Using anti-
INX-3 as the primary antibody and a gold-labeled second-
ary antibody, we were able to detect labeling with gold
particles of large gap junctions in the pharynxes of adult
animals (Fig. 4B). We detected no labeling of gap junctions
in other tissues, such as intestine and hypodermis, or of
other well-preserved junction types, such as adherens junc-
tions. Although similar large gap junctions are present in the
anterior pharynx, only gap junctions in the posterior phar-
ynx, where inx-3 is expressed, were detected by immuno-
EM.
Isolation of inx-3 mutants
RNAi (dsRNA-triggered interference; Fire et al., 1998)
experiments predicted that inx-3 mutants would have an
embryonic lethal phenotype (data not shown). To isolate
inx-3 mutants, we screened for lethal mutations linked to
visible markers (dpy-8 and unc-6) in the inx-3 region (Fig.
5A) and assayed candidate mutant embryos for the absence
of anti-INX-3 antibody staining. From 7500 F1 progeny of
EMS-mutagenized hermaphrodites, we identified 3 lethal
mutants with no detectable INX-3, as determined by stain-
ing with anti-INX-3 antibodies, during embryonic morpho-
genesis. Two mutations, lwDf11 and lwDf12, proved to be
deletions removing inx-3 and surrounding genes; the third
was a point mutation, inx-3 (lw68). The lw68 mutation
changes a tryptophan codon (TGG) at position 214 in the
predicted INX-3 sequence to an amber stop codon (TAG).
The W214 residue is in the second predicted extracellular
loop near the third transmembrane domain (Fig. 5C). It is
unlikely that the truncated mutant protein is functional,
since the second extracellular loop is required to form gap
junctions, and the phenotypes of lw68 mutant embryos
closely resemble those of RNAi phenocopies of inx-3.
Therefore, we believe that lw68 approximates a null allele.
To verify that the mutant phenotypes are due solely to
mutation of inx-3, we rescued the lw68 allele with cosmid
F22F4, on which inx-3 resides, as well as with an inx-3::gfp
transgene containing 7.4 kb of the inx-3 genomic region,
including 5 kb of sequence upstream of the predicted trans-
lational start site (Fig. 5B). GFP was fused near the C
terminus of INX-3, replacing two terminal amino acid res-
idues. All the phenotypes we describe are rescued by
inx-3::gfp.
Mutant phenotypes
We examined the development of inx-3 mutant embryos
derived from transgenic inx-3(lw68) hermaphrodites carry-
ing lwEx27[inx-3::gfp ()]. Mutant embryos arise from
loss of the extrachromosomal array, usually during mitosis
or meiosis of individual germ-line nuclei, and loss of the
array was verified by lack of GFP expression. Although
INX-3 protein is normally present in 2-cell-stage embryos,
we did not observe any early embryonic phenotype in inx-3
mutants. However, oocyte cytoplasm may contain products
from the inx-3() gene, providing inx-3 function to mutant
Fig. 3. Postembryonic localization of INX-3 with anti-INX-3 antibody.
Anterior is to the left in all panels. (A) L1 larvae express INX-3 at the
anteriormost tip of the pharynx, in the isthmus and terminal bulb of the
pharynx, and at the posterior of the intestine (arrows left to right). (B)
Transient expression in the M cell daughters in L1 larva. (C) L1 larva
illustrating transient expression in Pn.a-derived neurons. (D) Confocal
image of INX-3 in an L1 shows expression in the isthmus (tri-radiate
symmetry), the Pn.a cells, and the M daughters (arrows left to right). Scale
bars, 10 m.
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embryos. To determine whether maternally derived INX-3
was masking an early mutant phenotype, we isolated inx-3
hermaphrodites that had lost the inx-3::gfp array from their
germ-line precursors so that their entire germ lines were
inx-3() and presumably contributed no maternal inx-3()
products to their embryos. Germ-line mosaic hermaphro-
dites were identified by screening for 100% inviable broods.
All embryos examined from such broods failed to express
detectable INX-3::GFP. We observed no early defects in
these embryos and found that the timing of their develop-
ment from the 2-cell to comma stage was the same as that
of normal embryos (data not shown). There were also no
detected differences in the phenotypes of mutant embryos
from hermaphrodites with inx-3() vs inx-3() germ lines.
Descriptions of the mutant phenotypes reported here are
from examination of inx-3 mutant embryos from hermaph-
rodites with inx-3() and inx-3() germ lines. The frequen-
cies reported for particular defects are derived from exam-
ination through development of 162 inx-3 mutant embryos
from hermaphrodites with inx-3() germ lines.
The overall phenotype of inx-3 mutants is 100% lethal-
ity. Most mutants die during embryogenesis and fail to
hatch (75% of embryos); those that hatch (25% of
embryos) do not develop beyond the L1 stage. Examination
of developing mutant embryos reveals several abnormali-
ties, as outlined below.
Cell extrusion
The earliest defect observed in inx-3 mutant embryos,
just prior to the comma stage, is an abnormal protrusion of
cells in the region of the anterior sensory depression. This
protrusion appears before the hypodermal cells have fully
enclosed the anterior (Fig. 6B and E). Protruding cells arise
from apparently bilaterally symmetric locations ventrolat-
eral to the sensory depression. As the embryo is enclosed by
hypodermis, some of these cells are extruded and become
detached from the embryo (Fig. 6C, F and I). The number of
cells lost is variable, from a few to more than a dozen;
however, at least some cells are always lost by the comma
Fig. 4. Immuno-EM localization of INX-3 to gap junctions in the pharynx. (A) TEM image of large gap junctions between muscle cells and marginal cells
in the posterior pharynx. AJ, adherens junction; GJ, gap junction. (B) INX-3, visualized with affinity-purified anit-INX-3 primary antibodies and gold-linked
secondary antibodies, is localized at gap junctions in the posterior pharynx of an adult. Scale bars, 100 nm.
Fig. 5. Map of inx-3. (A) Genetic map of inx-3 region on linkage group X.
(B) Physical map of inx-3 with SL1 trans-splice site and intron/exon
boundaries in the inx-3 transcript. R, EcoRI; S, SphI; N, NruI; P, PstI. (C)
Location of inx-3(lw68). TM, transmembrane.
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stage. By morphology, the extruded cells often appear to be
neurons, although we have not determined their precise
identity.
In most embryos, the hypodermis subsequently encloses
the anterior fully, extruded cells become extraembryonic,
and the integrity of the head is maintained. At times (9% of
all embryos, n  162), the anterior appears to have been
enclosed, but after the embryo elongates (2-fold or later),
the anterior ruptures, and cells are extruded as elongation
proceeds. Very rarely it appears that the anterior of the
embryo is never fully enclosed, and cells are continually lost
from the anterior of the embryo, beginning at the comma
stage (Fig. 7A).
One or two cells may also be excluded from more ven-
tral/posterior positions of mutant embryos during hypoder-
mal enclosure (Fig. 6C). We have not determined whether
there is a consistent loss of particular cells in these cases.
Very rarely, embryos rupture in the ventral midbody (Fig.
Fig. 6. Mutant phenotypes of inx-3(lw68) embryos. Anterior is up in all panels. Embryos are visualized with Nomarski DIC optics. (A–C) Ventral view of
embryos at early comma stage. (A) Wild-type. (B) Mutant embryo showing irregular anterior bulge. (C) Mutant with detached cells (arrow). (D–F) Lateral
view of slightly older comma-stage embryos. (D) Wild-type, anterior depression indicated by arrow. (E) Mutant showing anterior bulge forming below
anterior depression (arrow). (F) Mutant with cells extruding from the anterior (arrow). (G–I) Two-fold stage embryos. (G) Wild-type. (H) Mutant. (I) Same
embryo as (H) in different focal plane showing continued extrusion of cells from the anterior. Scale bars, 10 m.
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7C). These embryos elongate to a two- or three-fold length
before rupture occurs.
Elongation and hypodermal defects
Defects in embryonic elongation are observed frequently
in inx-3 mutant embryos, but their severity is quite variable.
Elongation defects in C. elegans embryos are usually asso-
ciated with abnormalities in the hypodermis or body wall
muscle (Williams and Waterston, 1994), although neuronal
defects can also affect ventral enclosure and elongation
(Chin-Sang et al., 1999; George et al., 1998). Body wall
muscles, visualized with anti-myosin heavy chain antibody,
differentiate in inx-3 embryos but are sometimes mislocal-
ized, especially in severely affected embryos that appear to
be rupturing (data not shown). It is difficult to determine
whether this mislocalization is a direct result of loss of
INX-3 or is due to rupturing of the embryo.
Two classes of elongation defects are observed consis-
tently in inx-3 embryos. One class (15%, n  162) fails to
elongate fully; however, the elongation that occurs appears
fairly uniform. Most of these embryos develop to a length
comparable to the three-fold stage, rather than the wild-type
four-fold length. Some of these embryos hatch as short,
dumpy larvae (Fig. 7D). The second class (4%, n  162) is
composed of embryos that appear to elongate partially at the
head and tail, but the midbody fails to elongate (Fig. 7B).
A common hypodermal defect in mutant embryos and
hatched larvae is malformation of the tail tip, which in
wild-type, tapers symmetrically to a point. In mutants, the
tip is usually round (Fig. 7D), although rarely a forked tail
tip is formed.
To examine the shape and location of hypodermal cells,
we stained inx-3 mutant embryos and L1 larvae with MH27
mAb. Clear hypodermal abnormalities were seen in inx-3
mutants, although the penetrance of any specific defect was
low. We observed defects in the hypodermis that include
mispositioning of ventral P cells and aberrant contacts be-
tween nonneighboring P cells (Fig. 8F), misshapen or dis-
organized lateral seam cells (Fig. 8B–D), displacement of
seam cells (Fig. 8C and D), and unequal elongation of seam
cells (Fig. 8E). Hypodermal cell fusions appeared to have
occurred normally.
Pharyngeal defects
Many embryos advance to late embryonic stages and
hatch. Pharyngeal structure in these embryos is readily ob-
served; the pharynx appears to differentiate fairly normally,
with a fully formed grinder in the terminal bulb and a buccal
Fig. 7. Terminal phenotypes of inx-3(lw68) embryos. (A) Ruptured anterior. (B) Failure of midbody to elongate (arrows indicate elongated anterior and
posterior). (C) Rupture in the midbody of elongated embryo (arrows indicate boundaries of hypodermal rupture. (D) Hatched L1 with abnormal hypodermal
constrictions and rounded tail tip. Scale bars, 10 m.
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capsule at the anterior; however, the isthmus and corpus
often have abnormal morphology and do not elongate fully.
The length of the pharynx is variable and may be almost full
length or extremely foreshortened (Fig. 9D and E). In ad-
dition, the buccal capsule of the anterior pharynx is not
attached normally to the nose of embryos and is usually
entirely unattached (Fig. 9E and F). Even in cases where the
pharynx is wild-type in length (about 20% when pharyngeal
development can be scored), the pharynx does not attach
normally. In these cases, the buccal capsule can be ex-
tremely long and asymmetric (Fig. 9D), or it can be formed
off-center to the nose of the animal (Fig. 9C). It is possible
that extrusion of cells from the anterior during the comma
stage disrupts the architecture of the nose, resulting in these
defects; however, there is no correlation of the severity of
pharyngeal defects with the number of lost cells.
Unattached pharynxes may result from an inability of the
anterior pharynx to initially attach to the anterior of the
embryo, or from weak attachments that are broken after
pharyngeal elongation, possibly as a result of pharyngeal
muscle contractions. We never observed an embryo with a
differentiated pharynx, apparently attached to the nose, that
later detached; however, we observed many embryos in
which the developing anterior pharynx never appeared to
extend and attach to the nose (Fig. 9G and H).
Hatched inx-3 mutant larvae pump their pharynxes, even
in cases where the pharynx is detached and extremely short.
In pumping animals, the corpus muscles appeared to con-
tract in synchrony while muscles in the terminal bulb did
not. Often single terminal bulb muscles contracted while
others remained relaxed.
Discussion
The demonstration that some innexin proteins, including
Ce-INX-3, can mediate in paired Xenopus oocytes the for-
mation of channels with properties similar to those formed
by connexins (Landesman et al., 1999; Phelan et al., 1998)
provided functional evidence that innexins constitute gap
junction channel proteins. Through immunoelectronmicros-
copy we have now shown that anti-INX-3 antibodies bind to
large gap junctions in the pharynx of C. elegans, providing
ultrastructural data that reinforce this conclusion. To inves-
tigate the function of gap junctions during animal develop-
ment, we have initiated molecular and genetic analyses of
the C. elegans inx-3 gene. These studies have shown that
Fig. 8. Hypodermal abnormalities of inx-3 mutant embryos. All embryos are labeled with MH27 mAb. Anterior is to the left. Seam cells (*) and P cells (p)
are indicated. Not all cells are marked. (A) Lateral view of inx-3(lw68) embryo rescued by lwEx27. The MH27 pattern is wild-type, although failure of the
indicated dorsal hypodermal cells to fuse to each other is unusual for this stage (arrows). (B) Dorsal–lateral view and (C) lateral view of mutant embryos
with disorganized and/or misshapen seam cells; (D) lateral view of anterior of late-stage mutant embryo with displaced seam cell (H2 or V1); (E) lateral view
of mutant L1 without elongation of seam and P cells in the midbody; (F) ventral view of mutant embryo with ectopic P cell contacts between nonneighbor
ipsilateral cells and nonpartner contralateral cells. Scale bars, 10 m.
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INX-3 is expressed, often in dynamically changing patterns,
from very early embryonic stages until adulthood, and that
inx-3 is essential for embryonic morphogenesis.
The pattern of INX-3 expression throughout develop-
ment is complex, raising questions about its possible devel-
opmental functions. INX-3 is initially detected on the
plasma membrane at the two-cell stage of embryogenesis, at
approximately the time that Bossinger and Schierenberg
(1992) first detected dye coupling between C. elegans blas-
tomeres, and continues ubiquitously until the beginning of
the morphogenetic phase of development, when embryonic
cellular proliferation is almost complete. During these
stages of development, the dye-coupling experiments indi-
cated that all embryonic somatic cells are coupled as a
single compartment. Despite the strong expression of inx-3
throughout the cellular proliferation stage of embryogene-
sis, we have not detected an inx-3 mutant phenotype that we
can correlate to this stage of development, even when ma-
ternal expression is eliminated in germ-line mosaics. We
have not observed obvious defects in cell fate specification,
the timing or extent of cellular proliferation, global left–
right asymmetry, gastrulation, or gross cellular organiza-
tion. It is possible that gap junctions are not required for
early embryonic development in C. elegans. We have ex-
amined the expression patterns of more than half of the 25
C. elegans innexins and found that at least 3 are expressed
Fig. 9. inx-3(lw68) pharyngeal defects. (A, B) Wild-type L1 showing pharyngeal corpus (Co), isthmus (Is), terminal bulb (TB), and buccal capsule (Bu). (C)
Mutant embryo with displaced buccal capsule. (D) Mutant pretzel-stage embryo showing differentiated pharynx that does not extend to the nose but appears
to be engaging an elongated buccal cavity (arrow indicates location of buccal capsule which links to the buccal cavity in wild-type animals via the arcade
cells). (E) Late-stage mutant pretzel and (F) mutant L1 animal showing extremely short but differentiated pharynxes. Arrows indicate location of buccal
capsule. (G) 1.5-fold mutant embryos illustrating differences in extension of the developing pharyngeal primordia (asterisks) to the anterior. In the lower
embryo, the pharynx primordia extends to the anterior depression; this animal develops a pharynx that attaches and forms a buccal cavity (see later stage in
H). The upper embryo has a developing pharynx that does not extend to the anterior and does not attach or elongate (see H). (H) Same embryos as (G),
terminally differentiated. Scale bars, 10 m.
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as early as the 2-cell stage (unpublished observations).
Therefore, loss of INX-3 may not completely eliminate gap
junction intercellular communication (GJIC) from early em-
bryos. It is also conceivable that gap junctions function
redundantly with other processes during early embryogen-
esis so that loss of GJIC does not result in an obvious,
penetrant phenotype during this stage of development.
Throughout development, INX-3 is expressed strongly in
the posterior pharynx, including the terminal bulb, and is
likely to be a major constituent of gap junctions that connect
muscle groups of the posterior pharynx, which are dye-
coupled and presumed to be electrically coupled (Starich et
al., 1996). The loss of synchronous muscle contractions in
the pharyngeal terminal bulb of hatched inx-3 mutants is
likely due to a defect in GJIC that interferes with electrical
coupling of the muscles, as in eat-5 mutants (Avery, 1993).
The dynamically changing pattern of inx-3 expression in
several cell types is intriguing. During embryonic morpho-
genesis, INX-3 disappears from the majority of cells; how-
ever, it is expressed strongly but briefly in intestinal cells at
the comma stage and in hypodermal cells late in embryo-
genesis. During the L1 stage, INX-3 is detected briefly in
newly generated motor neurons and in the immediate de-
scendants of the M mesoblast cell. In subsequent larval
stages, INX-3 is strongly expressed in the SMs as they
divide and migrate to their final positions surrounding the
vulva, although INX-3 is only weakly detectable in adult
sex muscles. From these rapidly changing expression pat-
terns, it appears that INX-3 is often transiently expressed in
cells prior to their reaching final differentiated states. The
function of this transient expression is unclear; however,
coupling between related cells may be important as they
differentiate. The properties of gap junction coupling may
change in fully mature tissues, as inx-3 is repressed and
perhaps new innexins are activated. Future mosaic analyses
should allow us to examine whether inx-3 has any essential
function in the differentiation of these cells.
inx-3 is essential for embryonic morphogenesis. Several
aspects of morphogenesis are affected in inx-3 mutants that
may be related to one or more underlying defective events.
Morphogenesis in C. elegans embryos has been analyzed in
some detail so that there is an emerging picture of hypo-
dermal cell movements, adhesion, and force generation that
create shape changes required for normal morphogenesis
(for reviews see Chin-Sang and Chisolm, 2000; Simske and
Hardin, 2001). Briefly, short-range migrations position hy-
podermal cells over the dorsal–lateral surface of the em-
bryo. On each side of the embryo, the ventralmost cells
spread ventrally and adhere to their contralateral partners at
the ventral midline, to complete ventral enclosure (Sulston
et al., 1983; Willams-Masson et al., 1997). The hypodermal
cells spread over a neuronal substrate, and enclosure re-
quires ephrin signaling in the neurons (Chin-Sang et al.,
1999; George et al., 1998). When enclosure is complete,
elongation of the embryo proceeds through shape changes
in the hypodermal cells that elongate the embryo into a
worm shape (Priess and Hirsh, 1986). Contraction of cir-
cumferential actin microfilaments, anchored to hypodermal
cell plasma membranes through adherens junctions, drive
the shape changes. Mutations or treatments that disrupt
microfilaments (Priess and Hirsh, 1986), myosin regulation
(Shelton et al., 1999; Wissmann et al., 1997; Wissman et al.,
1999), or adherens junctions (Costa et al., 1998) result in
defective elongation. Elongation past the two-fold length
also requires functional body wall muscles and their proper
attachment to the overlying hypodermal cells (Williams and
Waterston, 1994).
In inx-3 mutants, the process of ventral enclosure is
usually complete. C. elegans mutants with defects in ventral
enclosure rupture from the forces generated during the elon-
gation phase of morphogenesis. Although inx-3 mutant em-
bryos occasionally rupture, most are stably enclosed by
hypodermis. However, there are sometimes defects in the
final arrangement or contacts of hypodermal cells, which
likely reflect abnormalities in the initial positioning of lat-
eral hypodermal cells prior to ventral enclosure and im-
proper hypodermal cell contacts during ventral enclosure.
For example, we have noted misplacement of lateral hypo-
dermal seam cells and ectopic contacts between ventral
hypodermal P cells. Qualitatively similar defects in the
positions of anterior seam cells occur in mutants affecting
the Hox gene ceh-13 (Brunschwig et al., 1999) or the
APC-related gene apr-1 (Frohli Hoier et al., 2000), which
regulates ceh-13. Defects in these mutants may be due to
subtle misspecification of the anterior seam cells or to faulty
regulation of genes involved in cell–cell interactions (Brun-
schwig et al., 1999). Misplaced seam cells and ectopic P cell
contacts were observed frequently in mab-20 mutants, de-
fective for semaphorin-2a (Roy et al., 2000) and also in
smp-1 mutants, lacking semaphorin-1a (Ginzburg et al.,
2002). Roy et al. (2000) proposed that the loss of repulsive
mab-20 signaling may allow the formation of aberrant cell
contacts or the stabilization of transient cell contacts and
lead to abnormalities in the short-range migrations made by
seam cells prior to enclosure, and to maintenance of ectopic
cell contacts between nonadjacent P cells as they extend
filopodia and move ventrally during enclosure. It is possible
that abnormal intercellular communication, due to loss of
inx-3 function, may also interfere with hypodermal seam
cell migrations and with the movement of P cells during
ventral enclosure. Perhaps signaling via gap junctions aids
in directing or coordinating hypodermal cell movements so
that proper contacts are maintained during migration and
epiboly. Loss-of-function or overexpression of Cx43 in the
mouse has been proposed by Huang et al. (1998) to interfere
with normal migration of neural crest cells by modulating
the rates of their migration.
We observed a highly penetrant morphogenetic defect in
inx-3 mutant embryos during anterior enclosure; anterior
cells bulge and are lost from the developing embryo. Many
of the detached cells have neuronal nuclear morphology.
During this time in wild-type embryos, anterior neurons
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move towards the tip of the head (Sulston et al., 1983), and
hypodermal cells are moving and fusing to enclose the
anterior (Podbilewicz and White, 1994). Several possible
functions for INX-3 are suggested by this mutant phene. For
instance, formation of gap junctions containing INX-3 may
modulate adhesion of neuronal cells. In vitro experiments
with vertebrate cells indicate that interfering with the for-
mation of gap junctions may affect the formation of adhe-
rens junctions (Meyer et al., 1992). Paul et al. (1995), who
observed that expression of a dominant-negative connexin
in early Xenopus blastomeres led to delamination and ex-
trusion of cells from the embryo, also suggested that GJIC
may be necessary for normal cell adhesion. Alternatively,
GJIC between neuronal or hypodermal cells may affect the
movement of anterior hypodermal cells or the timing of
their movement during anterior enclosure. Misregulation of
hypodermal cells during enclosure may create a force on the
underlying neuronal cells that could detach some cells from
the embryo. Mutations in the Hox gene ceh-13 also result in
detachment of neuronal cells and occasionally hypodermal
cells from the anterior of the C. elegans embryo during
morphogenesis (Brunschwig et al., 1999), and reduction of
ceh-43 function through double-stranded RNA-mediated in-
terference leads to loss of anterior cells (Aspock and Bur-
glin, 2001) that resembles inx-3 mutants. The bases for
these defects are also unknown.
The elongation of inx-3 mutant embryos is often abnor-
mal, producing moderately to severely shortened embryos.
In some cases, it appears that elongation is not coordinated
in different regions of the embryo. Since elongation requires
a coordinated contraction of actin microfilaments over time,
it is possible that proper GJIC transmits second messengers,
such as Ca2 or IP3, between hypodermal cells to regulate
the elongation process. Pharyngeal elongation is also defec-
tive in mutant embryos, particularly of the isthmus, even
when body elongation defects are not severe. Defective
pharyngeal elongation may be due solely to the failure of
the pharynx to attach to the nose of the embryo, since
anterior attachment is required for initial pharyngeal exten-
sion (Portereiko and Mango, 2001). However, it is possible
that defects in the isthmus, where inx-3 is expressed
strongly, may also affect elongation. A high percentage of
inx-3 embryos have unattached pharynxes; the anterior buc-
cal capsule appears to have fairly normal form but fails to
attach anteriorly, indicating that there may be defects in the
architecture or function of pharyngeal arcade cells, pharyn-
geal epithelial cells, or the anterior body hypodermal cells.
These tissues each connect to their nearest neighbors by
a combination of zonula adherens and gap junctions in
normal adult tissue (Wright and Thomson, 1981; D.H.H.,
unpublished data; see also Hall, HypFIG1 at http://www.
wormatlas.org/handbook/hypodermis/hypodermis.htm). It
is also possible that these (or other) cells required for at-
tachment may be among those that are lost during anterior
enclosure in mutants, or that they migrate to improper lo-
cations. If migration of anterior cells was faulty in inx-3
embryos, then mispositioned cells in the nose of the animal
may also interfere with pharyngeal attachment. Embryos
that have lost ceh-43 function also have unattached phar-
ynxes (Aspock and Burglin, 2001), as well as the anterior-
cell-loss phenotype that they share with inx-3 mutants. It is
interesting to speculate that the two genes act in a pathway,
perhaps with ceh-43 regulating inx-3.
It may be surprising that inx-3 mutants have obvious
morphogenetic defects that we believe are due, at least in
part, to abnormalities in the hypodermis, since there are at
least three other innexins expressed in the hypodermis dur-
ing morphogenesis (unpublished observations). These other
innexins may form functional gap junctions only when
INX-3 is present, as suggested for Drosophila innexins
Dm-inx-2 and Dm-inx-3 (Stebbings et al., 2000). It is also
possible that the properties of gap junctions formed by the
remaining innexins do not support normal morphogenesis.
As demonstrated for connexins, gap junction channels can
be selective for the size and/or charge of molecules that pass
between cells, and the selectivity depends on the connexins
that compose the channel (Bevans et al., 1998; Brissette et
al., 1994; Cao et al., 1998; Goldberg et al., 1999; Niessen et
al., 2000). It is also possible that the overall amount of GJIC
that they provide is not sufficient for normal morphogene-
sis. We have observed that overexpression of inx-3 from
arrays in transgenic animals also causes obvious morpho-
genetic defects during embryogenesis, including elongation
and hypodermal abnormalities. These defects could result
from an alteration in the properties of gap junctions because
of an increased ratio of INX-3 to other innexins, or from an
increase in the overall level of GJIC. Further analysis of
inx-3 and of other innexins expressed during embryogenesis
in C. elegans should provide insights into the function of
gap junctions in morphogenetic processes.
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